Impurity profiling of methamphetamine (MA) using thermal desorption (TD) and gas chromatography-mass spectrometry (GC-MS) was examined. Using TD/GC-MS, impurities were extracted and separated under various conditions. Optimal chromatograms were obtained when a 20 mg MA sample was extracted at 120˚C for 3 min using a TD instrument, followed by separation of the extracts using a nonpolar capillary column coated with (5%-phenyl)-methylpolysiloxane.
Introduction
Methamphetamine (MA) is currently the major drug of abuse in Japan [1] . The development of impurity profiling of MA is an important approach to obtaining information useful for criminal investigations, such as the relationships among seized samples, traffic routes, and sources of supply [2] . A number of methods have been reported for the impurity profiling of MA, including the use of gas chromatography (GC) with a flame ionization detector [3] [4] [5] [6] [7] [8] [9] and GC-mass spectrometry (MS) after liquid-liquid extraction (LLE) [10, 11] with organic solvents under either basic or weakly acidic conditions. Methods using headspace solid phase microextraction (SPME) for the characterization of MA [12] [13] [14] and 4-methoxyamphetamine [15] have recently been reported.
Like SPME, thermal desorption (TD) is a simple, rapid, and solvent-free extraction method. It is frequently used with stir bar sorptive extraction (SBSE) for the analysis of compounds in foods, beverages, biological samples, and so on. [16] [17] [18] [19] . Because a TD instrument enables the direct introduction of a sample without any laborious extraction procedure, it is effective for analyzing trace amounts of compounds, particularly volatiles. The analysis by direct sample introduction is applied to versatile fields [20] [21] [22] [23] [24] [25] [26] .
In the present study, the impurity profiling of MA using TD/GC-MS was investigated in an attempt to develop a method that simplifies preparation and enables the detection of specific volatile compounds. In addition, LLE and TD were compared for impurity profiling of MA .
Materials and Methods

Materials
Authentic standards of d-MA·HCl (Philopon) and l-ephedrine·HCl were purchased from Dainippon Pharmaceutical Co. (Osaka, Japan). Two batches of d-MA·HCl were synthesized using two different methods. One batch was obtained from the direct reduction of l-ephedrine with hydroiodic acid and red phosphorus. The other involved the preparation from l-ephedrine via chloroephedrine [27] . Six batches of MA·HCl, which had been seized in Japan and which had a purity of more than 95%, were obtained from the Ministry of Health, Labor, and Welfare, Japan. dl-Amphetamine
N-acetylephedrine, N-formyl MA, and cis-and trans-1,2-dimethyl-3-phenylaziridine (AZ) were synthesized in our laboratory as previously reported [27] [28] [29] [30] [31] [32] . All other chemicals were of analytical grade and were purchased from Wako Pure Chemical Co.
(Osaka, Japan).
Glass tubes (187 mm length, 6 mm o.d. and 4 mm i.d.) for TD were purchased from Gerstel (Baltimore, MD, USA). For LLE, a 100 mg sample was dissolved in 1 ml of 0.1 M phosphate buffer pH 7.0 and 0.25 ml of 10% Na 2 CO 3 . The solution was extracted with 0.2 ml of ethyl acetate.
Sampling and extraction procedures
The organic layer was diluted with ten volumes of ethyl acetate, and a 1 µl aliquot of the solution was injected into a GC-MS instrument.
After the TD conditions were optimized, a total of 27 samples, comprising 3
samples from each of the 9 batches (Philopon, 6 MA seizures and 2 synthesized samples) were analyzed to evaluate intra-and inter-batch variations in the impurity profiles. In addition, the same 27 samples were analyzed using LLE for comparison with TD.
GC-MS analysis
The GC-MS instrument was an Agilent 6890 GC interfaced with an Agilent 5973N
MSD. The columns used were an Agilent HP-5MS capillary column coated with In cases where the peak was not detected, a value of 10000, which was nearly the limit of the peak area integrated automatically by the software, was assigned. The raw data were processed using Microsoft Excel and converted to their logarithms. Similarities among samples were calculated using cosine distance [14] . The equation used is shown below (Eq. 1).
X ik represents the area of peak k in sample i. The classification of samples was visualized by hierarchical cluster analysis using the group average method.
Results and Discussion
Optimization of extraction conditions
Samples from the same lot were analyzed by TD/GC-MS to examine an optimal extraction temperature. Peaks of ethanol, benzaldehyde, benzyl alcohol, and cis-AZ, which were relatively large and characteristic peaks in the identified compounds, were selected from chromatograms for the evaluation. Table 1 would make it difficult to recover the sample and prevent contamination of the instrument. Therefore, the extraction temperature of 120˚C was adopted for TD/GC-MS analysis of MA.
Samples in various amounts (10-50 mg) from the same lot were analyzed by TD/GC-MS to determine the optimal sample size. Because there was no correlation between sample size and peak area (data not shown), a large sample size was unnecessary. Considering the desirability of conserving samples and of precise sampling, a sample size of 20 mg was used for TD/GC-MS analysis.
Polar and volatile compounds such as ethanol, diethyl ether, and acetic acid were often detected in the chromatograms obtained by TD/GC-MS. These compounds were considered specific solvents to characterize the origins of samples. Two kinds of columns (HP-5MS and DB-WAX) were compared in order to prevent solvent peaks from overlapping the CO 2 peak (Fig. 1) , which is not retained on a column. Although the HP-5MS column (Fig. 1A, 1B ) was inferior to the DB-WAX column (Fig. 1C, 1D) in the separation and retention of organic solvents, the numbers and intensities of the peaks using the HP-5MS column were greater than those using the DB-WAX column.
Because more characteristic peaks would provide a great advantage for the classification of samples, the HP-5MS column was adopted.
MA samples from nine different origins were analyzed under optimized conditions.
The peaks observed are summarized in Table 2 . The numbers and intensities of the peaks detected differed from sample to sample. Compounds related to MA structure, such as benzaldehyde (peak 4), benzyl alcohol (peak 5), cis-AZ (peak 6), amphetamine (peak 7), trans-AZ (peak 9), DMA (peak 10), and N-acetylephedrine (peak 11), were detected in the chromatograms. Compounds such as ethanol (peak 1), diethyl ether (peak 2), and acetic acid (peak 3), which were considered reagents and solvents for MA synthesis, were also detected in the chromatograms. Ethanol was detected from two of nine sample origins, while diethyl ether was detected from one origin. Ethanol and diethyl ether, which were rarely detected, were considered to be effective for discriminating between samples.
Comparison of extraction methods
LLE and TD were compared in terms of procedure, running cost, reproducibility, and so on. The LLE procedure involves the dissolution of the sample to alkaline buffer, the addition of extraction solvent, and the recovery of the organic phase. A series of LLE procedures is complicated. On the other hand, since the TD procedure is automated, we have only to place the sample in the tube. As for running costs, the buffer solution and extraction solvent necessary in LLE are inexpensive. The TD instrument itself is expensive, and a large amount of liquid nitrogen is consumed during analysis at all times.
Chromatographic profiles obtained using LLE were compared with those using TD (Fig. 2) . In TD, the numbers and the intensities of impurity peaks detected were greater than those in LLE. TD efficiently extracted trace amounts of impurities.
The reproducibility of the peak areas on mass chromatograms obtained from LLE and TD was evaluated using the coefficients of variation (CVs) in the peak areas of four compounds from intra-and inter-batches (Table 3) . LLE showed good reproducibility where the CVs in the four peak areas from the intra-batches were less than 10%, while the CVs in intra-batches were significantly larger in TD. LLE was superior to TD in this point. Because LLE provided reproducible peak areas, it would be an appropriate extraction method for creating a database for impurity profiling of MA. Although the larger CVs in intra-batches obtained by TD imply that the peak areas are unreliable, absolute peak areas of impurities in TD are very larger than those in LLE. Therefore, TD makes sure of the identification of peaks and gives valuable information qualitatively rather than quantitatively. It sometimes enables the discrimination of samples if only to check the presences of specific compounds identified by TD. Samples used in LLE were dissolved in an extraction solvent and dispersed equally in the solvent.
In contrast, samples used in TD were used as a powder or a crystal. The large difference among CVs in intra-batches between LLE and TD would be due to the state of the sample. To examine the influence of the state of the sample on the peak areas, samples were powdered in a mortar and then analyzed. This resulted in a low peak intensity, especially for volatile compounds, although the reproducibility of compounds such as cis-AZ and DMA was improved (data not shown). In order to make full use of the advantage of TD, that is the detection of specific solvents to characterize the origins of samples, they were used in an intact state without grinding crystals. The CVs in inter-batches differed from compound to compounds. The greatly larger CVs in inter-batches compared to intra-batches than that in intra-batch implies that the compound can distinguish the sample from others very well. The selections of cis-AZ and DMA in the present study were effective for discriminating samples. The selection of appropriate compounds from each method would be important and helpful for impurity profiling.
The classification of nine batches was performed using LLE and TD (Fig. 3) , and the peaks selected for the classification are shown in Table 4 . At first, nine batches were classified using data from LLE, which provided the most reproducible data. The nine batches were divided roughly into two groups (batches A, F, I and batches B-E, G, H).
To investigate the relationship among batches B-E, G, and H in detail, a subsequent classification was performed using data from TD. Batches C and E, in which ethanol was detected, were contained in the same group. although C and E were not very closely related in LLE. Ethanol selected for the classification reflected sufficiently the relationship between C and E. The selection of rare peaks detected by TD might be useful for the discrimination of samples. The subsequent classifications showed the possibility of classifying groups that were difficult to discriminate using only one method.
To the best of my knowledge, this is the first report concerning the analysis of impurities in drugs of abuse by direct TD, although analyses of versatile volatiles by direct TD have been reported previously [20] [21] [22] [23] [24] [25] [26] . In previous reports [21, 23] , principal component analysis (PCA) was applied to the evaluation of discrimination among groups. In PCA, major components dominate and minor ones tend to be neglected. In impurity profiling, trace amounts of impurities are also important, and their presence sometimes allows samples to be discriminated. It is necessary to investigate relationships between samples for impurity profiling. Therefore, hierarchical cluster analysis (HCA) was applied to the present study. The subsequent classifications by HCA using data from different extractions were effective for the detailed discrimination of samples.
We have reported the effectiveness of SPME for the identification of impurities in MA [14] . Both SPME and TD feature simple and rapid preparation, and both are effective for volatile compounds in GC-MS analysis. SPME was superior to TD in terms of the reproducibility of peak areas and the effective extraction of impurities without an overload of MA. However, in SPME, solvent peaks such as those of ethanol, diethyl ether, and acetic acid were too small and broad to measure their peak areas. The intensities of impurities, especially those of volatiles, were larger in TD than in SPME.
TD efficiently extracted trace amounts of impurities and enabled the identification of the peaks and measurement of the peak areas due to the increases in peak intensities.
The features are the best advantage for the impurity profiling of MA using TD. TD as well as SPME can provide supplemental information for LLE, and the combination of these extraction methods will be helpful for the impurity profiling of MA.
Conclusion
TD enabled the extraction of impurities from a sample without the use of solvents or adsorbents, unlike LLE and SPME. From extraction to analysis, the procedure was automated by the TD system after the sample was placed into the tube. Moreover, because all the extracts were introduced to GC-MS, TD/GC-MS had an advantage in the extraction and analysis of trace amounts of volatile compounds. Therefore, TD/GC-MS was a simpler and more effective method than LLE for the extraction and identification of volatile compounds.
TD can provide supplemental information for LLE, and the combination of these extraction methods will be helpful for the impurity profiling of MA. The raw data were converted to their logarithm, and the similarity among samples was calculated using the cosine distance. At first, two samples from each of the nine batches (A-I) were classified using data from LLE. Two samples from each of six batches (B-E, G, and H) were subsequently classified using data from TD.
